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Replication-dependent histone genes in the mouse and Xenopus share a common regulatory element within the protein-
encoding sequence called the CRASa element (coding region activating sequence a) which has been shown to mediate
normal expression in vivo and to interact with nuclear factors in vitro in a cell cycle-dependent manner. Thus far, the a
element has only been studied in rodent cells in culture, and its effect on histone gene expression during development has
not been determined. Here we examine the role of the a element in histone gene expression during Xenopus development
which features a switch in histone gene expression from a replication-independent mode in oocytes to a replication-
dependent mode in embryos after midblastula stage. In vivo expression experiments involving wild-type or a-mutant
mouse H3.2 genes show that mutation of the CRASa element results in a fourfold decline of expression in embryos, but
does not affect expression in oocytes. Two distinct a sequence-speci®c binding activities were detected in both oocyte
and embryonic extracts. A slowly migrating DNA-binding complex was present at relatively constant levels throughout
development from the earliest stages of oogenesis through larval stages. In contrast, levels of a rapidly migrating complex
were high in stage I and II oocytes, declined in stage II±VI oocytes, remained low in unfertilized eggs and cleavage stage
embryos, and rose dramatically after the midblastula transition. The molecular masses of the factors forming the slow and
rapidly migrating complexes were estimated to be approximately 110 and 85 kDa, respectively. DNA-binding activity of
the 85 kDa a-binding factor was affected by phosphorylation, binding with higher af®nity in the dephosphorylated state.
The abrupt increase in DNA-binding activity of the 85-kDa a-binding factor at late blastula coincides with the switch to
the replication-dependent mode of histone gene expression. We propose that the conserved a element present in the coding
sequence of mouse and Xenopus core histone genes is required for normal replication-dependent histone expression in the
developing Xenopus embryo. q 1997 Academic Press
INTRODUCTION their expression in the cell cycle as either replication-depen-
dent or replication-independent. The replication-independent
histones are expressed constitutively at a low rate throughoutThe histone gene family in most vertebrates consists of
the cell cycle and are known as replacement variants (Groppimultiple genes encoding each class of nucleosomal histone
and Cof®no, 1980; Wu and Bonner, 1981). In contrast, expres-protein. These genes are among the most highly conserved in
sion of replication-dependent histone genes is tightly coupledevolution. For example, the H4 of garden pea differs in only
to DNA synthesis (Osely, 1991). Transcription of all ®ve his-two amino acid residues, out of 102, from that of the calf (De
tone classes is upregulated at the G1-S phase boundary andLange et al., 1989). Histone genes are classi®ed according to
decreases sharply before entry into G2 (Heintz et al., 1983;
Plumb et al., 1983; Stittman et al., 1983). The increase in
cellular histone mRNA and high level expression in S phase1 To whom correspondence should be addressed. Fax: (306) 966-
4298. E-mail: ovsenekn@duke.usask.ca. are regulated at both transcriptional and posttranscriptional
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levels (Stittman et al., 1983). Posttranscriptional regulation of each nucleosomal gene (Van Dongen et al., 1981). In the
mouse there are about 15±20 copies of the nucleosomaloccurs by 3*-processing of pre-mRNA and mRNA degradation
histone genes which are not organized into tandemly re-(Harris et al., 1981), and transcriptional regulation is mediated
peated units (Marzluff and Graves, 1984). Analysis of ex-by interactions between promoter proximal class-speci®c ele-
pression of cloned histone genes has shown that there is aments and their cognate trans-acting factors (Artishevski et
switch in the regulation of histone genes during Xenopusal., 1987; Dailey et al., 1988; Dalton and Wells, 1988; LaBella
development from a replication-independent mode in oo-et al., 1988; Galinari et al., 1989; Heintz, 1991; LaBella and
cytes to a replication-dependent mode in embryos and so-Heintz, 1991; van Winjen et al., 1991). The promoters of verte-
matic cells (Woodland, 1980; Van Dongen et al., 1983; Oldbrate histone genes are similar to most protein coding genes
et al., 1985; Perry et al., 1986). The mode of histone regula-in that they contain a proximal TATA box and may contain
tion appears not to be dependent upon differential expres-G/C-rich regions, CCAAT, SP1, and class-speci®c elements.
sion of particular gene copies, but undergoes a fundamentalHowever, despite intensive analysis, promoter elements that
transition during embryonic development (Perry et al.,could account for the remarkable cell cycle-dependent activa-
1995). As a result of this dual mode of regulation, the oo-tion of all histone gene classes have not been identi®ed. Fur-
cytes and embryos of Xenopus provide a unique system inthermore, very little is known about the molecular signals
which to examine the molecular mechanisms underlyingcontrolling the coordinate up-regulation of these genes late in
cell cycle-dependent histone gene expression. In oocytes,G1 of the cell cycle.
which develop while arrested in G2 phase of meiosis I, tran-Recently, a regulatory element present in the coding re-
scription of histone genes occurs constitutively in the ab-gions of mouse core histone genes called the coding region
sence of DNA replication and this basal transcription ulti-activating sequence (CRAS) has been shown to be required
mately gives rise to the large store of histones required tofor the normal expression of H2a.2 and H3.2 genes (Hurt et
package newly replicated DNA into chromatin during theal., 1989, 1991; Bowman and Hurt, 1995). The 110-nt CRAS
rapid cell divisions of early embryogenesis (Woodland andelement of H3.2 can functionally replace the corresponding
Adamson, 1977; Woodland, 1980). At oocyte maturation,sequences in an H2a.2 gene (Hurt et al., 1991). In vivo ex-
histone transcription is switched off and is not reactivatedpression studies in transfected cells show that deletion of
until the onset of zygotic transcription at the midblastulathe entire CRAS sequence in either gene results in a 20-
transition (Woodland, 1980). Histone gene variants tran-fold drop in expression and that CRAS element function
scribed at a basal rate during oogenesis are expressed inis position-independent and orientation-dependent and is
a replication-dependent manner in the embryo, and geneclearly involved in transcriptional initiation despite its lo-
expression remains replication-dependent throughout sub-cation in the coding region (Hurt et al., 1991). Mutational
sequent development and adulthood (Woodland, 1980; Oldanalysis of the CRAS region has veri®ed that two 7-bp sub-
et al., 1985; Perry et al., 1986; Rollins and Andrews, 1991).sequences common to all of the core histone genes in the
Here we show that the CRASa element, which is conservedmouse are required for normal expression (Bowman and
in replication-dependent Xenopus core histone sequences, isHurt, 1995; Kaludov et al., 1996a). These elements, desig-
required for maximal expression of microinjected mH3.2nated CRASa and V, represent the ®rst known examples of
genes in post-midblastula stage embryos. Mutation of theconserved, common elements involved in regulating expres-
CRASa element in the intact mH3.2 gene did not affect ex-sion of more than one class of histone. The CRASa element
pression in oocytes but resulted in a fourfold reduction of(CATGGCG) interacts with nuclear factors in murine cells
expression in embryos. We also demonstrate that factors pres-and is required for normal expression in vivo (Bowman and
ent in small oocyte and post-midblastula transition (MBT)Hurt, 1995; Kaludov et al., 1996b; Bowman et al., 1996). An
embryonic extracts interact speci®cally with the CRASa ele-80- to 90-kDa protein from mouse myeloma cells binds to
ments of mouse and Xenopus replication-dependent H3 genes.the a element of each class of core histone (Bowman et al.,
Two distinct a complexes were detected, and UV-crosslinking1996), and the same a element mutations that cause a loss
shows that these were formed by factors of approximately 110of expression in vivo also result in a loss of protein interac-
and 85 kDa. The a-binding activity of the 85-kDa factor ap-tion in vitro. The presence of a element binding activity in
pears to be regulated by phosphorylation, and ¯uctuations inlate G1- but not in S phase nuclear extracts (Kaludov et al.,
this activity closely parallel the pattern of histone expression1996b), as well as the observation that the region corre-
in oocytes and embryos. These data lead us to propose thatsponding to the CRASa element within the replication-in-
developmentally regulated interactions between the CRASadependent histone gene variant H3.3 is mutated in ®ve of
element and the 85-kDa a-binding factor play an importantseven nucleotide positions, strongly suggests a role for
role in the regulation of replication-dependent histone geneCRASa element in correct regulation of replication-depen-
expression in Xenopus embryos.dent histone gene expression.
In this study, we examine the activity of the CRASa ele- MATERIALS AND METHODSment in Xenopus laevis oocytes and embryos. Histone genes
Oocyte and Embryo Manipulationsin Xenopus are clustered in tandemly repeated units con-
taining at least one copy each of H2a, H2b, H3, and H4 X. laevis frogs were purchased from Xenopus I (Ann Arbor, MI).
Oocytes were obtained surgically from adult female frogs and folli-(Perry et al., 1985), and the genome contains about 40 copies
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cle cells were removed either by swirling in 0.1 M sodium phos- precipitates. DNA was recovered by precipitation after addition of
3 vol ethanol to LiCl supernatants.phate (pH 7.8) containing 2 mg/ml collagenase (type II, Sigma) for
3 hr or by manually stripping the follicle layer with watchmaker's The amount of mouse H3.2 mRNA (wild-type or a mutant) from
pools of injected oocytes or embryos was quanti®ed by RNase pro-forceps. Oocytes were washed extensively in OR2 (82.5 mM NaCl,
2.5 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 1 mM NaH2PO4, 5 mM tection assay, with a single RNA probe. A 3* subclone of the mouse
H3.2-614 gene (SalI±HindIII), which contains both coding and 3*-Hepes (pH 7.8) 10 mg/L streptomycin sulfate, 10 mg/L benzyl peni-
cillin; Wallace et al., 1973) prior to microinjection or preparation ¯anking sequence in pGEM3Zf(/), was linearized with StuI (just
3* of the CRAS) and used as a template for SP6 RNA polymerase.of cell extracts. Xenopus eggs were collected into petri dishes ap-
proximately 12 hr after injection of 1000 U of human chorionic This RNA probe maps the 3* portion of mouse H3.2 transcripts
(167-nt band) as well as endogenous Xenopus H3 transcripts whosegonadotropin into the dorsal lymph sacs of adult females. Testes
were surgically removed from adult males and a sperm suspension sequence after the stop codon is divergent (114-nt band). The probe
diagram is shown beneath Fig. 2. SP6 polymerase was used to syn-was prepared by mincing a portion of the testes in 80% Steinberg's
solution. For fertilization, eggs were mixed with sperm suspension thesize a rUTP-labeled probe using the SP6 promoter in the vector
adjacent to the 3* ¯anking sequence of the gene, and the resultingfor 10 min and then petri dishes were ¯ooded with 10% Steinberg's
solution. Fertilized eggs (visualized after cortical rotation) were de- transcript (600 nt in length, ending at the digested site) was gel
puri®ed. The protection assay was performed as described in Ov-jellied by swirling for approximately 5 min in 20% Steinberg's solu-
tion containing 2% (w/v) L-cysteine and then washed extensively senek et al. (1992) using the method of Krieg and Melton (1987).
Protected fragments were separated on a 6% denaturing polyacryl-in 20% Steinberg's. Embryo stages were determined according to
Nieuwkoop and Faber (1967), and only normally developing em- amide gel, and the amount of mRNAs from injected templates was
normalized to the levels of template DNA detected by Southernbryos were used in all experiments.
Manually defolliculated oocytes were used for microinjection blotting. Concentrations of plasmid DNAs in oocyte and embryo
samples were measured by Southern blotting of DNA isolated asexperiments. Oocyte germinal vesicles were injected with 100 pg
of plasmid DNA encoding the wild-type mouse (Mus musculus) described above. DNA samples were digested with EcoRI, electro-
phoresed on 1.2% agarose gels, transferred to nylon membranes,histone H3.2 gene from chromosome 3 or the H3.2 gene with a
mutated CRASa sequence (Bowman and Hurt, 1995). Speci®cally, and probed with random primed 32P-labeled pUC18 DNA.
only 7 nt of the CRASa element (CATGGCG) were mutated to an
XbaI site (TTCTAGA). The entire coding sequence of this gene can Gel Mobility Shift Assays
be retrieved from GenBank, EMBL Accession No. X16148. Oocytes
DNA-binding reactions using embryonic or stage V and VIwere harvested 24 hr after microinjection and quickly frozen in
oocyte extracts contained one embryo or oocyte equivalent (20liquid nitrogen for isolation of nucleic acids. Embryos were placed
mg). Binding reactions containing early stage oocytes containedin 20% Steinberg's solution containing 4% Ficoll and injected at
20 mg of extract representing about 2.5 oocyte equivalents ofthe two-cell stage with 100 pg of plasmid DNAs. Embryos were
stage III and IV extract and 10 oocyte equivalents of the batchallowed to develop at 187C until the gastrula stage (stage 10) at
containing stage I and II oocytes. The mouse H3.2 a elementwhich point they were frozen for isolation of nucleic acids.
probe (see below) was 3*-end labeled with [a-32P]dCTP with theFor protein extracts, oocytes or embryos were homogenized in
Klenow fragment of DNA polymerase I. Each binding reactionBuffer C (50 mM Tris±Cl, pH 7.9, 20% glycerol, 50 mM KCl, 0.1
contained 0.5 ng labeled probe, 20 mg soluble protein from indi-mM EDTA, 2 mM dithiothreitol, 10 mg/ml each of aprotinin and
cated samples, 0.5 mg poly(dI 0 dC), 10 mM Tris (pH 7.8), 50leupeptin; Dignam et al., 1983), cell debris was pelleted for 5 min
mM NaCl, 1 mM EDTA, 0.5 mM dithiothreitol, and 5% glycerol.at 15,000g (47C), and the supernatants were placed in fresh tubes
Binding reactions were incubated for 20 min on ice and immedi-and frozen in liquid nitrogen. Pooled batches of embryos or stage
ately loaded onto 5% nondenaturing polyacrylamide gels con-V and VI oocytes were homogenized in a volume of 10 ml/embryo
taining 6.7 mM Tris±Cl (pH 7.5), 1 mM EDTA, 3.3 mM sodiumor oocyte, stages III and IV in 4 ml/oocyte, stages II and III in 2.5
acetate. The complexes were electrophoretically separated for 2ml/oocyte, and stages I and II in 1 ml/oocyte, to give approximately
hr at 150 V, and the gels were dried and exposed overnight to X-equivalent ®nal protein concentrations for each batch. Protein lev-
ray ®lm. The coding strand sequences of synthetic oligonucleo-els were quanti®ed with a Bio-Rad kit (Bio-Rad, Hercules, CA), and
tide duplexes used in gel shift assays correspond to the mouseequivalency was further checked by Coomassie staining of SDS±
H3.2 CRASa element 5*-ggatcCTCGGCCGTCATGGCGCTG-polyacrylamide gels.
CAGGAGGC-3* (BamHI overhangs in lowercase) and the mouse
H3.3 CRASa element (the corresponding sequence of the H3.3
gene when aligned to H3.2) 5*-ggatcCTGCAGCTATTGGTGC-Nucleic Acid Analyses
TTTGCAGGAGGC-3* (Bowman and Hurt, 1995). The coding
Nucleic acids were extracted from oocytes or embryos as de- strand sequences of the Xenopus xlh3-H3 (5*-ggatcCTCAGCC-
scribed by Melton and Corces (1979) by homogenization in Buffer GTCATGGCTCTGCAGGAGGC-3*) and Xenopus xH3-LA (5*-
A (50 mM Tris±HCl, pH 7.6, 50 mM NaCl, 10 mM EDTA, 0.5% ggatcTGCAGCTATTGGTGCTCTTCAGGAAGC-3*) oligonu-
SDS) containing 0.25 mg/ml proteinase K. The homogenate was cleotides correspond to the respective H3 genes as aligned to the
incubated at 377C for 1 hr and extracted with an equal volume of H3.2 CRAS element. Refer to Fig. 1 for CRAS sequence compari-
phenol/chloroform, and nucleic acids were recovered by precipita- sons between mouse and Xenopus genes. Densitometry was per-
tion after addition of 0.1 vol 5 M ammonium acetate and 3 vol formed with the PDI-Protein and Imageware System.
ethanol. Ethanol precipitates containing total nucleic acids were
resuspended in 400 ml TE [10 mM Tris±HCl (pH 8.0), 1 mM EDTA]. Protein Phosphatase AssaysTo separate DNA from total RNA, 400 ml 8 M LiCl was added and
the mixture was incubated at 47C overnight. The RNA was pelleted Protein extracts from stage 10 and stage 24 embryos were supple-
mented with ATP to a ®nal concentration of 10 mM and were eitherat 15,000g for 10 min, resuspended in TE, and stored as ethanol
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the mouse H3.2 gene located on chromosome 3 (95% nucle-
otide identity). The CRASa site is conserved in 7/7 posi-
tions between mouse H3, H2a, and H4, and a protein of
identical molecular weight has been crosslinked to the a
sequence of the mouse H3 and H2b genes, despite changes
at two nucleotide positions in the H2b a sequence (Bowman
et al., 1996). The putative a sequences in the Xenopus H3
gene from cluster xlh1, as well as histone genes of other
classes, are also similarly conserved (not shown). Interest-FIG. 1. Sequence comparison of CRASa elements in the coding
ingly, the nucleotide sequence at the region of the CRASaregions of Mus and Xenopus H3 genes. The mouse H3.2 and Xeno-
element of the Xenopus H3 variant in cluster xH3-LA ispus xlh3-H3 genes are replication-dependent variants. The mouse
not so highly conserved (67% nucleotide identity) to thatH3.3 gene is a replication-independent variant, and the mode of
of mH3.2 and xlh3 H3, but is very similar (90% nucleotideexpression of xH3-LA has not been established. The seven nucleo-
tides of the a element are boxed. Asterisks indicate nucleotide identity) to that of the replication-independent mH3.3 vari-
changes relative to the mouse H3.2 sequence. Filled boxes indicate ant. The mH3.3 CRASa sequence is mutated at 5 of 7 nucle-
nucleotide mismatches between xH3-LA and mH3.3. The two nu- otide positions as is the comparable xH3-LA sequence. In
cleotide changes between mH3.2 and xlh3-H3 are both in third fact, 10 of the ®rst 25 nucleotides that differ from the H3.2
codon positions. Sequences were obtained from xH3-LA (Ruberti sequence in both the mH3.3 and xH3-LA are changed to
et al., 1982), xlH3 (Perry et al., 1985), mH3.3 (Wellman et al., 1987),
identical bases (shown in Fig. 1), leading us to believe thatand mH3.2 (Bowman and Hurt, 1995). Sequence alignment was as
the xH3-LA gene is likely to be replication-independent, ifreported in Wells and McBride (1989). Sequences shown are from
it is indeed expressed and not a pseudogene.nucleotide position /251 relative to A of the start codon of each
We tested the function of the a element in Xenopus oo-gene.
cytes and embryos in vivo. Wild-type and mutant mouse
H3.2 genes used in these experiments contain the entire
coding region and about 0.6 kb of promoter as well as about
0.5 kb of 3*-¯anking sequences of the mouse H3.2 gene. Tomaintained at 47C or preincubated for 15 min at 227C. Aliquots (20
mg) of preincubated protein extract were then placed on ice and examine the function of CRASa sequence, the 7-nt element
maintained at 227C or further incubated with 1 U calf intestinal was directly mutated, not affecting the reading frame of the
alkaline phosphatase (CIAP) (Boehringer-Mannheim) for the speci- gene (Bowman and Hurt, 1995). The effects of this mutation
®ed times at 47C. Samples were then added to DNA-binding reac- on H3.2 expression in developing embryos were assayed
tions with radiolabeled CRASa oligonucleotide probe and analyzed after microinjection of constructs into fertilized eggs (Fig.
by gel mobility shift assay as described above. For phosphatase
2A). The use of heterologous histone genes is necessary forexperiments with cleavage stage embryos, extracts were incubated
this assay since the a element is in the coding region wellwith 1 U CIAP at 47C for the speci®ed times.
downstream of the promoter, and expression from intact
Xenopus histone genes after microinjection would be dif®-
UV-Crosslinking cult to distinguish from transcripts expressed from endoge-
nous genes. There are about 40 copies of each histone geneUV-crosslinking was performed as previously described (Ov-
in the frog genome that are expressed in oocytes and em-senek et al., 1992). Oligonucleotides used in crosslinking experi-
bryos. Instead, we take advantage of the high degree of se-ments were synthesized for the mouse H3.2 a element (Bowman
quence similarity between mouse and amphibian histoneet al., 1996). The short oligonucleotide was annealed to the full-
genes, which are highly related in the coding region butlength complimentary oligonucleotide strand, and duplexes were
labeled with 5-bromo-2*-deoxyuridine 5*-triphosphate and [a-32P]- are divergent in the 3* noncoding region. This allows for
dCTP using Klenow fragment of DNA polymerase I. UV-irradiation unambiguous detection of injected test constructs by
of DNA±protein complexes was performed in the gel (Codosh et nuclease protection analysis. Endogenous Xenopus H3 tran-
al., 1986). Upper and lower complexes were excised and analyzed scripts are mapped up to the stop codon with the mouse
separately on denaturing SDS±polyacrylamide gels against H3.2 riboprobe and serve as reliable internal controls to
prestained molecular weight markers (Bio-Rad).
show that equivalent amounts of RNA were used in each
reaction. Single nucleotide changes between the frog and
mouse H3 sequences are apparently resistant to cleavage byRESULTS nucleases, enabling detection of the speci®ed 114-nt band.
The wild-type mH3.2 gene was highly expressed in gas-Role of the CRASa Element in Histone Gene trula stage embryos harvested several hours after the mid-Expression in Xenopus Oocytes and Embryos blastula transition (Fig. 2A). Similar results were obtained
in earlier experiments by others using injected frog histoneA direct comparison of the sequences in the region of the
CRASa element of mouse and Xenopus H3 genes is shown genes (Hinkley and Perry, 1992; El-Hodiri and Perry, 1995).
In gastrula stage embryos, however, the mH3.2 mutant genein Fig. 1. The CRASa sequence is highly conserved in the
X. laevis H3 gene from cluster xlh3 (Perry et al., 1985) and showed a fourfold reduction in expression. These gene con-
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equivalent levels of template DNA were present in each
sample (Fig. 2B). Equivalent amounts of RNA were used in
each reaction, as judged by levels of the endogenous histone
internal controls. Replicate microinjection experiments
yielded similar results showing a clear reduction in expres-
sion of the mutant gene in oocytes. These in vivo experi-
ments suggest that the CRASa element plays a crucial role
in high-level expression of replication-dependent histone
genes in the embryo, but does not affect expression in the
replication-independent mode of histone gene expression
observed in Xenopus oocytes.
CRASa-Binding Activities Are Present in Oocyte
and Embryonic Extracts
A direct correlation between CRASa element/protein in-
teractions in vitro and normal in vivo expression of histone
genes has previously been established in cultured rodent
cells (Bowman and Hurt, 1995). Since CRASa sequences
were required for normal expression of the mH3.2 gene after
the midblastula stage in Xenopus embryos, we tested for
interactions between factors present in gastrula embryos
and the CRASa element. Multiple complexes were detected
in gel mobility shift assays after incubation of stage 10 em-
bryonic extract with CRASa probe (Fig. 3). Competition
experiments demonstrate that there are two sequence-spe-
ci®c DNA/protein complexes formed between factor(s) in
embryonic extracts and the CRASa sequence. Addition of
excess molar amounts (up to 1001) of mH3.2 a oligonucleo-
tides into binding reactions resulted in the competition of
174
147
110
H3m
wt        ma       wt        ma       un        M
oocyte embryo
1          2 3         4 5
wt      ma             wt        ma 
oocyte                   embryoB
A
ATG
*
TAA
167
114
H3.2
H3M
H3X
1 2 3 4 a slowly migrating duplex (see arrow labeled 1, upper com-
plex) and a rapidly migrating complex (see arrow labeled 2,FIG. 2. (A) The CRASa element is required for normal expression
lower complex). A prominent nonspeci®c binding activityof the mouse H3.2 gene in Xenopus embryos, but not in oocytes.
(ns) is normally formed under the assay conditions em-Constructs containing the intact mH3.2 (H3.2wt) and a mutant
ployed in these experiments and is indicative of equal load-(H3.2ma) genes were microinjected into the germinal vesicle of
ing of extract in each reaction. The second band above theoocytes or into a single blastomere of two-cell embryos. Total RNA
was isolated from oocytes (after 24 hr expression) and from stage nonspeci®c band seen in this experiment was not observed
10 embryos, and expression of mH3.2 genes was analyzed by RNase in most experiments and is probably a result of mild proteol-
protection assay as described under Materials and Methods. The ysis (compare to Figs. 3B and 5A and 5B). Both upper (1) and
antisense RNA probe maps the 3* portion of both mutant and wild- lower (2) complexes were unaffected by competition with
type mouse H3.2 transcripts. The diagram below the ®gure shows the CRASa element (base substitutions in 5 out of 7 posi-
the size of protected fragments of the mouse and endogenous Xeno-
tions, nt identity in 16/27 positions relative to mH3.2) ofpus transcripts. Molecular weight markers are shown on the right.
the replication-independent mouse H3.3 gene or with the(B). Southern blot of DNA isolated from injected oocytes and em-
heat shock element (HSE) of the Xenopus hsp70B gene. Typ-bryos. DNA isolated from microinjected oocytes and embryos was
ically, the lower complex (2) was more abundant than theanalyzed as described under Materials and Methods. Lanes 1 and
upper complex (1) in extracts from embryos at blastula stage2, DNA from oocytes; lanes 3 and 4, DNA from stage 10 embryos.
DNA equivalent to one oocyte or embryo was analyzed in each or later (data not shown). These competition experiments
lane. show the highly speci®c nature of the protein/DNA interac-
tions present in both complex 1 and 2.
Since the CRASa sequence of the mouse gene was used
in the experiment described above, it was important to es-
tablish that the CRASa element is present and functionalstructs were also microinjected into oocyte germinal vesi-
cles, and transcripts were assayed after a 24-hr incubation. within the coding sequence of Xenopus histone genes.
Therefore, we performed gel shift assays with a probe con-Interestingly, both wild-type and mutant mH3.2 genes were
expressed at very high levels in the oocyte, the mutation of taining the Xenopus xlh3-H3 (Perry et al., 1985) CRASa
sequence which is almost identical to the mouse H3.2 ele-CRASa sequences having no signi®cant effect on expres-
sion. Southern blot analysis was performed to ensure that ment, as well as probes corresponding to the CRASa se-
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quence of the replication-independent mouse H3.3 and a
Xenopus H3 gene (xH3-LA; Ruberti et al., 1982). Both the
mouse H3.3 and Xenopus xH3-LA genes differ from the
consensus a-binding site in 5 out of 7 positions, but are
highly related to each other (90% nucleotide identity; see
Fig. 1). The lower complex (2) was formed with gastrula
(stage 10) and larval (stage 24) extracts only in the presence
of mH3.2 and xlh3-H3 probes (Fig. 3). Conversely, the xH3-
LA and mH3.3 probes showed no ability to serve as a bind-
ing site for CRASa factors. Thus, the CRASa sequences of
both Xenopus and mouse H3 histone genes form speci®c
and identical complexes with amphibian protein(s), sug-
gesting that this element is important for regulation of Xen-
opus histone genes. Interestingly, the upper complex (1) ob-
served with the mH3.2 a probe was not readily apparent in
the lanes containing xlh3-H3 probe (lanes 8 and 9). This
may be due to the T found in position 7 of the xlh-H3
sequence in place of the C at this position in mH3.2. Both
C and T nucleotides are found in this position in many H3
genes and may be due to subtype differences in the H3 gene
family. The signi®cance, if any, of this observation is un-
known.
The Major Xenopus CRASa-Binding Activity
Fluctuates during Oocyte and Embryonic
Development
Since there is a switch from replication-independent to
replication-dependent histone expression during develop-
ment, and since mutation of the CRASa element affected
mH3.2 expression in oocytes and embryos differently (Fig.
competitor           -              H3.2a             H3.3“a ” HSE
P
1
ns
2
A
mH3.2
-        G     L
mH3.3
-    G     L
xlh3-H3
-     G    L
xH3-LA
-     G    L
1
ns
2
B
extract
1 2 3 4 5 6 7 8 9 01 11 21 2), we were interested in determining the developmental
pattern of CRASa-binding activities. A gel mobility shiftFIG. 3. (A) Interaction of CRASa element with factors present in
analysis of extracts from oocytes, eggs, and embryos at vari-Xenopus gastrula stage embryonic extracts. A gel mobility shift
ous stages of development is shown in Fig. 4. Both upperassay was performed as described under Materials and Methods
(1) and lower (2) complexes were detected in pooled stage Iusing labeled a element oligonucleotides and protein extract from
and II oocytes. Levels of the upper complex (1) remainedstage 10 embryos. Two distinct complexes were formed: the upper
complex appeared as a doublet in this assay and is indicated on the relatively constant throughout the remainder of oogenesis,
left of the panel by an arrow labeled 1; the nonspeci®c complex is after oocyte maturation, and following fertilization up until
indicated as ``ns,'' and the lower complex as ``2.'' Approximately tadpole stages of development. The apparent increase in
0.5 ng of labeled probe was used in each reaction. Competition complex 1 at stage 7 is the consequence of unequal gel
experiments were carried out by addition of increasing amounts loading and was not observed in any of the repeats of this
(0.5, 5, and 50 ng) of unlabeled CRASa (self), H3.3 ``a'' (replication-
assay. In contrast to the static pro®le of complex 1 forma-independent), or heat shock element (HSE) oligonucleotides into
tion during development, the lower complex (2) was presentbinding reactions. Lanes containing competitor DNAs are indicated
at very high levels in stage I and II oocytes, but declinedat the top of the panel. The lane labeled P contained probe without
precipitously in later stage oocytes. Levels of this DNA-extract. (B) Interactions between amphibian proteins and CRASa
binding activity remained low through development untilelements of a replication-independent H3 variant and two Xenopus
H3 clones from different clusters. A gel shift assay was performed the midblastula stage (Fig. 4, stage 8.5), after which levels
with gastrula stage 10 (G) and larval stage 24 (L) extracts and labeled increased dramatically and remained high through neurula
oligonucleotides corresponding to known replication-dependent and early tadpole stages (Fig. 4, stages 10±28). This pattern,
H3 genes: mouse mH3.2 (lanes 1±3) and Xenopus xlh3-H3 (lanes 7± shown graphically in the lower panel of Fig. 4, closely re-
9). Oligonucleotides from a known replication-independent mouse ¯ects the pro®le of replication-dependent histone gene ex-
variant mH3.3 gene (lanes 4±6) or a Xenopus H3 gene, HLA-H3
pression during embryonic development (Woodland, 1980).gene (lanes 10±12), were also used. Oligos and extracts used are
The increase in the lower complex coincides with activa-shown above the panel. Nucleotide sequences of each probe are
tion of zygotic transcription after the midblastula transitionprovided under Materials and Methods. The nonspeci®c complex
and the onset of replication-dependent histone expression.is indicated by an arrow labeled ns.
The sequence speci®city of both upper (1) and lower (2)
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physiological temperatures and were acting either directly
or indirectly to abolish a-binding activity in an ATP-depen-
dent manner (see Kaludov et al., 1996b). Addition of CIAP
(1 U) to aliquots of extracts preincubated at 227C resulted
in recovery of a-binding activity of complex 2 (lanes 4±
7). Clearly, phosphatase treatment is able to overcome the
negative effects of incubation at physiological temperature
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FIG. 4. CRASa-binding activities during Xenopus oogenesis and
early embryonic development. Protein extracts were prepared from
oocytes, unfertilized eggs, and embryos at various stages of develop-
ment, and a gel mobility shift assay was performed using the labeled
CRASa oligonucleotide probe. Equal concentrations of protein and
0.5 ng probe were used in each reaction (see Materials and Meth-
ods). Developmental stages are indicated at the top of the panel.
Positions of the upper (1), lower (2), and nonspeci®c (ns) complexes
are indicated on the left. The lane labeled P contained probe with
no extract. A graph showing the relative densities of complexes 1
and 2 at indicated stages is presented in the lower panel.
complexes was con®rmed in competition experiments us-
ing stage I and II oocytes and stage 24 embryonic extracts
(data not shown), with identical results to those in Fig. 3A.
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FIG. 5. The state of phosphorylation affects the binding af®nityCIAP Treatment of Protein Extracts Affects the
of the 85-kDa factor to the CRASa element. (A) Protein extractsFormation of CRASa Complex 2
from gastrula (stage 10) embryos were supplemented with ATP to
a ®nal concentration of 10 mM (for all reactions) and were eitherWe observed that formation of the lower CRASa complex
maintained at 47C (lane 1) or preincubated for 15 min at 227C (lanes(2) was dependent upon incubation of crude extracts at 47C
2±7). Aliquots (20 mg) of preincubated protein extract were thenboth prior to and during DNA-binding reactions. Incubation
placed on ice for 20 min (lane 2), maintained at 227C for 20 minof extracts at physiological temperature for brief periods
(lane 3), or further incubated with 1 U calf intestinal alkaline phos-prior to DNA-binding reactions resulted in a decline in com-
phatase (CIAP) (Boehringer-Mannheim) for the speci®ed times at
plex 2 formation (Fig. 5A, compare lanes 1 and 2). The degree 47C (lanes 4±7). Samples were then added to DNA-binding reac-
of temperature sensitivity of the lower complex in different tions with radiolabeled CRASa oligonucleotide probe and subjected
embryonic extract preparations was dependent upon the to gel mobility shift assay. (B) Protein extracts from cleavage stage
availability of ATP (Ovsenek, unpublished results), sug- embryos (stage 6) were incubated on ice without CIAP (lane 1) or
with 1 U CIAP (lanes 2±5) for the times indicated above the panel.gesting that kinases present in these extracts are active at
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in the presence of ATP. It is important to note that the loss
of a-binding activity was not observed in extracts main-
tained at 47C simply upon addition of ATP (lane 1), since
exogenous ATP was added to all reactions. Equally im-
portant, loss of the DNA-binding activity of complex 2 after
preincubation at physiological temperature was not re-
versed upon subsequent incubation at 47C for 20 min (lane
3), indicating that regulation of the a-binding activity in
this assay is not a consequence of temperature alone. The
results of this experiment suggest that the factor(s) forming
a complex 2 are regulated at the level of phosphorylation,
112
84
53.2
34.9
28.7
shift: 1                        2                             2
st 10                      st 13          
binding with high af®nity in the hypophosphorylated state.
FIG. 6. Identi®cation of factors interacting speci®cally with theAlthough the upper complex (1) is barely detectable in the
CRASa element by UV-crosslinking. The extracts used in this ex-extracts used in this analysis, we found that it was not
periment were prepared either from stage 10 (gastrula) or stagesigni®cantly affected by the temperature of incubation, by
13 (neurula) embryos. A radioactive probe containing BrdU in the
the presence or absence of ATP, or by phosphatase treat- binding site was incubated with extracts on ice under normal bind-
ments (Ovsenek, unpublished results). ing conditions. Protein±probe complexes (indicated at the top of
We were next interested in determining whether the the panel) were separated after electrophoresis on a native gel and
¯uctuation in a complex 2 formation during development UV irradiated in the gel, and radioactive bands were visualized by
(Fig. 4) was a consequence of phosphorylation of the factor(s) autoradiography after separation on a 10% SDS±polyacrylamide
gel. Positions of molecular weight markers are indicated on thecomprising this complex (Fig. 5B). Phosphatase treatment
right. Oligonucleotides used in this assay are described under Mate-of cleavage stage embryonic extracts (1 U CIAP, 10 to 40
rials and Methods.min, lanes 2±5) resulted in increased levels of complex 2
relative to the untreated control (lane 1). Complex 1 forma-
tion was unaffected by phosphatase treatment. In similar
experiments, phosphatase treatment of stage VI oocytes and
DISCUSSIONunfertilized egg extracts also increased the amount of a
complex 2, reproducing the results shown in Fig. 5A (data
not shown). These experiments suggest that the factor(s) The CRASa Element Is Required for Normal
responsible for formation of CRASa complex 2 is regulated Replication-Dependent Expression in Xenopus
during development by phosphorylation±dephosphoryla- Embryos
tion events, binding CRASa in the hypophosphorylated
state. Oocyte and embryonic development of Xenopus provides
a unique opportunity to dissect the regulatory elements
controlling cell cycle-dependent histone gene transcription.
UV-Crosslinking Identi®es Distinct Protein Factors This system is especially useful because of the switch in
Involved in Formation of CRASa Complexes the regulation of histone gene expression from a replication-
independent mode in oocytes to a replication-dependentTo gain some insight into the nature of the factors form-
ing a complexes in Xenopus embryos and oocytes, we used mode in embryos. Here we have shown by in vivo expres-
sion experiments that the conserved CRASa regulatory ele-UV-crosslinking to estimate the molecular mass of both
upper (1) and lower (2) complexes (Fig. 6). Complexes formed ment, previously identi®ed in the mouse histone H3.2 gene,
is required for high-level expression of core histone geneswith BrdU-substituted CRASa probes were separated on na-
tive gels, UV-irradiated, and then separated on denaturing in Xenopus embryos (Fig. 2). The CRASa element is con-
served in the coding sequences of all four replication-depen-polyacrylamide gels in parallel with molecular weight
markers. Proteins with two distinct molecular masses were dent core histone gene classes of mouse (Bowman et al.,
1996), and identical sequences are present in Xenopus H3identi®ed. UV-crosslinking of a complex 1 using a gastrula
stage extract resulted in detection of a radioactive band mi- (for sequence comparison see Wells and McBride, 1989; see
also Fig. 1) and other core histone genes (data not shown).grating at about 110 kDa (Fig. 6). This band is composed of
a doublet of polypeptides with almost identical molecular Mutation of the seven nucleotides of the a element resulted
in a fourfold reduction of transcription relative to wild-typeweights. In contrast, UV-crosslinking of a complex 2 re-
sulted in the detection of closely migrating doublet bands mH3.2 expression in post-midblastula stage embryos. This
reproduces the effects of a element mutation upon histoneof about 85 kDa. The high abundance of this band at stage
13 relative to stage 10 is directly attributable to increased gene expression observed in stable CHO transfectant cells
(Bowman and Hurt, 1995; Kaludov et al., 1996b). Interest-levels of the a complex 2 during embryonic development
(see Fig. 4). The appearance of protein doublets in these ingly, mutation of the a element had no signi®cant effect
on the very high levels of mH3.2 expression observed incrosslinking experiments may be due to posttranslational
modi®cation of a-binding factors. stage VI oocytes. Therefore, the a element is not required for
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expression during oogenesis, a point in development when migrating doublets on SDS±polyacrylamide gels, and this
may re¯ect differences in their levels of phosphorylationhistone transcription is known to be uncoupled from depen-
dence upon replication (Woodland, 1980). These results (Ovsenek, unpublished results). These results are similar
to those obtained in experiments performed with nucleardemonstrate the speci®c requirement for an intact CRASa
element for mH3.2 expression in the Xenopus embryo in extracts from mouse myeloma cells in which a nuclear fac-
tor with apparent molecular weight of 80±90 kDa was cross-which endogenous histone gene expression is coupled to
DNA replication and occurs exclusively during S phase. linked to the CRASa element and also migrated as a doublet
in SDS gels (Bowman and Hurt, 1995; Bowman et al., 1996).These data provide strong evidence that the CRASa ele-
ment plays a crucial role in regulating high-level expression The mouse factor has recently been shown to be a phospho-
protein, and its phosphorylation state appears to be involvedof the corresponding amphibian replication-dependent his-
tone genes in embryonic and somatic cells. Consistent with in the regulation of DNA-binding activity (Kaludov et al.,
1996b). The results presented in Fig. 5 verify this in anotherthis interpretation, the a element does not appear to exert
its effect in the oocyte where histone gene expression is vertebrate. Formation of a complex 2 by the 85-kDa Xeno-
pus factor was abolished by incubation of cell extracts atknown to occur in the absence of DNA synthesis.
physiological temperature (227C) and was readily recover-
able upon phosphatase treatment in vitro. We propose that
The CRASa Element Is a Target for Protein the 85-kDa factor is phosphorylated at a site critical to its
Interactions in Vitro DNA-binding activity and that its activity during the cell
cycle and throughout development is regulated by post-Two CRASa sequence-speci®c binding activities were de-
tected in gastrula stage embryonic extracts (Fig. 3A). Com- translational modi®cation.
The formation of an additional complex by the 110-kDapetition experiments showed that both a complexes 1 and
2 were affected by excess H3.2 CRASa oligonucleotides, factor was not previously observed in experiments with mu-
rine cells, but we note that embryonic extracts were pre-but were unaffected by competition with the corresponding
H3.3 CRASa competitors. Interestingly, this part of the cod- pared from whole cells, whereas the data from mouse show-
ing a single complex mediated by an 80- to 90-kDa factoring region in the replication-independent H3.3 gene, which
contains naturally occurring mutations at ®ve out of seven were obtained using nuclear extracts. We can only speculate
that detection of two a complexes in whole cell extractsnucleotide positions of the CRASa element, encodes amino
acids unique to all of the known vertebrate H3.3 replace- may be due to the presence of a preprocessed cytoplasmic
form in addition to a processed nuclear form. Alternatively,ment variants (Zweidler, 1984; Wells and Kedes, 1985). Gel
mobility shift assays also showed identical interactions be- it could re¯ect differences between histone gene regulation
in early development and proliferating, terminally differen-tween embryonic factors and sequences corresponding to
the CRASa region of a replication-dependent Xenopus H3 tiated cells.
gene from cluster xlh3. Together with expression data
shown in Fig. 2, these data provide evidence of a connection
Changes in the Levels of CRASa Complex 2between the CRASa element and the control of normal
Coincide with the Pattern of Histone GeneXenopus H3 gene expression. It is possible that this element
Expression during Embryonic Developmentalso functions in the regulation of all the core histone genes
of Xenopus, since sequences matching the CRASa element We examined the developmental pro®le of both CRASa
complexes, in an attempt to characterize the potential func-are present in these genes (in at least ®ve out of seven posi-
tions, data not shown). tion of these on the pattern of histone expression. Despite
changes in histone gene regulation from a replication-inde-It is interesting that neither a complex 1 or 2 was formed
between amphibian proteins and sequences containing mu- pendent mode in oocytes to replication-dependency in em-
bryos, a-binding activity of the 110-kDa protein in complextated a elements from the known replication-independent
mouse H3.3 variant or a Xenopus H3 gene, xH3-LA (Fig. (1) was detected at relatively constant levels throughout
development from the earliest stages of oogenesis. Although3B). Considering the remarkable similarity between xH3-
LA and mH3.3 sequences in this region, we suggest that the DNA-binding activity of the 110-kDa factor in complex
1 does not appear to be related to changes in histone genethe xH3-LA gene is likely to be a replication-independent
variant. It is clear that the sequence divergence in the area expression during development, its speci®c af®nity for the
a sequence as demonstrated by competition experimentsof the CRASa element, and the lack of recognition by a-
binding factors, could very well play a role in the differential (Fig. 3A) is suggestive of an important role for this maternal
factor.regulation of these genes with respect to cell cycle depen-
dency. In contrast to the static pro®le of complex 1, a-binding
activity of the 85-kDa protein in complex 2 ¯uctuated dra-Two distinct Xenopus factors interact with the a ele-
ment. The molecular weights of factors contributing to for- matically during development. This activity was detected
at very high levels in stage I and II oocytes, but then declinedmation of CRASa complexes in embryos, as estimated by
UV-crosslinking, were 110 kDa (upper complex) and 85 kDa throughout oogenesis and early embryonic development,
rising again after midblastula stage and remaining high(lower complex; Fig. 6). Both proteins appeared as closely
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through subsequent development. Phosphatase experi- CRASa element in histone gene expression during oogen-
esis.ments suggest that posttranslational modi®cation of the 85-
kDa a-binding factor, or even auxiliary proteins modulating
its DNA-binding activity, could be responsible for low a
complex 2 formation during late oogenesis and early embry-
SUMMARYonic development. The a-binding activity of the 85-kDa
factor is clearly modulated by phosphorylation, binding
with high af®nity in the dephosphorylated state (Fig. 5A). Little is known about the coordinate regulation of replica-
Experiments with pre-MBT embryonic extracts show that tion-dependent histone gene expression in multicellular eu-
levels of complex 2 could be enhanced by phosphatase treat- karyotes. Here we have shown that an element present in
ment in vitro (Fig. 5B). Additional experiments with late the protein-encoding sequence of the mouse nucleosomal
stage oocyte and egg extracts also show that complex 2 histone genes is conserved in a replication-dependent Xeno-
could be enhanced by phosphatase treatment (data not pus H3 gene, forms complexes with amphibian proteins,
shown), suggesting that the 85-kDa factor is actually pres- and is required for expression of the mH3.2 gene in the
ent but inactive during these phases of development. The developing frog embryo. The effect of mutation of this ele-
present analysis does not distinguish between the possibil- ment upon gene expression in the frog embryo mimics re-
ity that the rapid decline in levels of complex 2 during sults obtained in transfected rodent cells. A dramatic drop
oogenesis after stage II is entirely a consequence of phos- in the level of expression observed for the wild-type gene
phorylation of the 85-kDa factor or if speci®c degradation is seen in both rodent cells and frog embryos upon mutation
of the a-binding factor takes place. As well, the increase of the CRASa element. Results in rodent cells showed a
observed after MBT could be explained by increased zygotic four- to ®vefold drop in expression (Bowman and Hurt,
transcription and enhanced expression of the 85-kDa factor. 1995; Kaludov et al., 1996a), while a fourfold drop in expres-
The relative contribution of phosphorylation±dephosphor- sion was observed in frog embryos. We have also shown
ylation events and proteolysis in the regulation of the a- that factor(s) present in Xenopus interact with the CRASa
binding activity of the 85-kDa factor remains to be deter- element of mH3.2 and xlh3-H3. This element is conserved
mined. in a replication-dependent Xenopus H3 gene, as well as in
Increased a-binding activity of the 85-kDa factor at late other core histone genes, and is functionally competent to
blastula coincides with the switch to the replication-depen- bind the 85-kDa factor. Further, we show that amphibian
dent mode of endogenous histone gene expression and is proteins do not form complexes with the corresponding
entirely consistent with the requirement of the a element CRASa regions of mH3.3, a known replication-independent
for high-level expression of the mH3.2 histone gene in late variant, and the amphibian H3 variant xH3-LA, both of
blastula embryos, but not in stage VI oocytes. We therefore which contain similar mutations in the a element. The a-
suggest that the 85-kDa CRASa-binding factor plays a key binding activity of the 85-kDa factor in Xenopus is modu-
role the replication-dependent expression of histone H3 and lated by phosphorylation, similar to results obtained with
possibly other core histone genes during embryonic devel- mouse extracts (Kaludov et al., 1996), and ¯uctuations in
opment. In this light, it is interesting to note that the in- this activity coincide with the switch from replication-inde-
crease in a-binding activity (complex 2) coincides with the pendent histone gene expression to a replication-dependent
acquisition of G1 phase in the embryonic cell cycle (New- mode of gene expression during embryonic development.
port and Kirschner, 1982). Thus, the 85-kDa a-binding pro- Results presented here suggest that the CRASa element
tein may represent a maternal regulatory factor responding plays an important role in regulation of histone gene expres-
to cell cycle cues at the midblastula stage. We believe this sion in all vertebrates and perhaps all multicellular eukary-
is very plausible, since increased a-binding activity occurs otes. Studies regarding the identity of a-binding factors in
at late G1 phase in synchronized CHO cells (Kaludov et al., Xenopus and the role of phosphorylation on DNA/protein
1996b). interactions are in progress.
The appearance of high levels of the lower complex (2)
much earlier in development, at stages I and II of oogenesis,
is somewhat puzzling, since histone gene expression is un-
coupled from replication in oocytes (Woodland, 1980). How- ACKNOWLEDGMENTS
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